M
any new microbial lineages have recently been discovered in the course of ribosomal RNA-based environmental surveys (1) . Although the recognition of such extensive diversity has been exhilarating, it also raises large questions about the nature, activities, and ecological significance of all this newly recognized microbial life. What are the specific biological properties of environmentally abundant but previously unrecognized microbial groups? Are these new microbes significantly different from commonly cultivated laboratory strains? Do ubiquitous, newly recognized microbial species significantly impact their surrounding environment, and if so, how? In this issue of PNAS, the work of Ingalls et al. (2) illustrates one powerful approach for addressing such questions. These authors, led by Ann Pearson of Harvard University, used compound-specific isotope analyses (3) to track the flow of organic and inorganic carbon into the lipids of naturally occurring Archaea in deep ocean waters. Their results extend and confirm the notion that one group of marine Archaea, the Crenarchaea, are autotrophic and derive their carbon from CO 2 . Ingalls et al. (2) convincingly demonstrate that CO 2 is a main carbon source for deep-sea Crenarchaea, indicating one major biogeochemical role for Archaea in the sea.
Archaea have a dramatically different lipid composition compared with other cellular life. Although Bacteria and Eucarya possess mainly ester-linked fatty acids in their lipids, archaeal cell membranes are composed predominantly of etherlinked isoprenoid core lipids (structure I, for example, in Fig. 1B ). Some Archaea biosynthesize lipid bilayers composed of 20-carbon isoprenoid units, individually linked to a single glycerol backbone by an ether bond-these form conventional lipid bilayers. Other archaeal lipids include 40-carbon isoprenoids that are ether-linked at either end of their carbon chain to glycerol, thereby spanning the entire membrane in a tetraether monolayer (structure I in Fig. 1B ). These unique lipids provide specific biomarkers that aid in tracking Archaea in the environment.
Evidence for planktonic Archaea was first reported based on a handful of archaeal rRNA clones recovered from deep Pacific Ocean waters (4) and in an independent, quantitative molecular survey of several coastal habitats (5) . The coastal study revealed the presence and abundance of two different planktonic marine archaeal groups, one related to deepwater crenarchaea (Marine Archaeal Group I in Fig. 1 A) , and another new euryarchaeal group, peripherally related to the Thermoplasmatales (Marine Archaeal Group II in Fig. 1 A) (5) . Not long after planktonic Archaea were discovered, lipid analyses in marine sediments and plankton revealed high levels of crenarchaeal-like, tetraether lipids (6, 7). These cyclohexyl-containing lipids, dubbed crenarchaeol, have subsequently been used to track the presence, quantity, and isotopic composition of archaeal lipids in many different habitats (6-8).
Ingalls et al. (2) analyzed archaealassociated lipids (e.g., structures I and II in Fig. 1B ) using a compound-specific isotope approach (3) to directly ask the question: ''What are deep-sea planktonic marine Archaea eating in the deep ocean?'' More specifically, the authors sought to determine whether deep-sea Archaea were primarily autotrophic (using CO 2 as their sole carbon source) or heterotrophic (using organic material as their carbon source). The foundation for their approach derives from the adage ''You are what you eat'' (with a little give and take, due to downstream metabolism). More specifically, the diet of an organism can sometimes be inferred by comparing the isotopic signatures of its potential food sources (for instance, the 13 C͞ 12 C ratio in organic versus inorganic carbon) relative to the isotopic signature found in the organism. Organisms deriving sustenance from isotopically ''light'' carbon sources (e.g., food with a low 13 C͞ 12 C ratio) will biosynthesize correspondingly ''light,'' 13 Cdepleted tissues or daughter cells.
The study of Ingalls et al. (2) aimed to identify the true carbon sources of deepsea planktonic Archaea in situ. It was no small task to collect enough biomass for the compound-specific 14 C analyses. Working at the Natural Energy Laboratory of Hawaii Authority, Ingalls et al. concentrated plankton cells from up to 200,000 liters of seawater (containing Ϸ2 ϫ 10 13 cells) from each of two depths to perform their study. (They also used some innovative laboratory equipment to achieve their goals, including a ''combusted hacksaw'' to access the filters!) After archaeal lipids were extracted, the 14 C content of different fractions [including compounds I and II (Fig. 1B) ] were determined. The archaeal 14 C signature was then compared with that of the surrounding organic matter, sea surfacederived organic matter, and deep-water dissolved inorganic carbon. Quantitative estimates of archaeal carbon sources required several explicit assumptions about the inputs that contribute to deep-water archaeal biomass. The model of Ingalls et al. assumes that (i) sinking archaeal biomass from the surface keeps its original isotopic signature, (ii) all deep-water archaeal lipid biomarkers are derived from one and the same pooled carbon source, and (iii) no individual archaeal lipid biomarkers are produced disproportionately by metabolically disparate archaea coexisting in the same population. The other major assumption implicit in the study is that group I Crenarchaea [not group II Euryarchaea or other sources ( Fig. 1 A) ] are the main contributors to the archaeal tetraether lipids. With these assumptions in hand, the authors derived a two-end-member mixing model to estimate the sources of dietary carbon for deep-water archaea. The model calculations suggested that at 670 m, 71% of the archaeal biomass was derived from inorganic carbon, implying that a large fraction of the deep-water Archaea were growing autotrophically. This is an important finding, because the study of Ingalls et al. required no tracer addition or environmental perturbations. Their measurements directly probed the in situ metabolism and autotrophic activities of the deep-water Archaea in their natural habitat. The results of Ingalls et al. then suggest that group I Crenarchaea derive much of their carbon from CO 2 fixation and therefore may contribute significantly to the deep-ocean carbon cycle.
The report of Ingalls et al. (2) adds significantly to a growing body of evidence suggesting that group I Crenarchaea are key participants in ocean biogeochemical cycles. Schleper and colleagues (9), for example, recently showed that group I Crenarchaea contain key genes required for chemolithoautotrophic oxidation of ammonia. Subsequently, many of the genetic components required for both chemolithotrophic ammonia oxidation and CO 2 fixation have been identified in symbiotic and free-living marine Crenarchaea (10) . Other studies using stable isotopic tracers (11) or microautoradiography (12) also point to the prevalence of marine crenarchaeal CO 2 fixation. Most significantly, one member of the marine group I crenarchaeal clade was recently isolated in pure culture and shown to grow by using ammonia as its energy source and CO 2 as its carbon source (13) . Considering the above, along with the new observations of Ingalls et al. (2) and the sheer abundance of planktonic Archaea (14) , it seems clear that planktonic Crenarchaea play major roles in both carbon and nitrogen cycling in the ocean.
Of course, the puzzle of archaeal metabolism in the ocean is by no means solved. The mixed autotrophic and heterotrophic signal observed by Ingalls et al. (2) is curious. Does this represent crenarchaeal ''mixotrophy'' (different metabolic pathways for carbon or energy incorporation that are coexpressed in same microorganisms)? Or could these data reflect differential metabolic expression among different members of the same community? Are the signatures of disparate metabolic and phylogenetic types of Archaea hidden within the compound-specific isotope analyses reported by Ingalls et al. and others (see Fig. 1C )?
At least two very different groups of Archaea appear to contribute very significantly to archaeal biomass in marine plankton (5, 14, 15) . Group II planktonic Euryarchaea (Fig. 1 A) can be quite abundant at times, especially near the ocean's surface (15, 16) . Evidence for large numbers of group II Euryarchaea in the upper water column has recently been reported near the study site of Ingalls et al. (15) . So far, organic geochemists have assumed that Euryarchaea do not contribute significantly to archaeal tetraether biomarkers, because most members of this group contain the shorter, 20-carbon isoprenoids (2, 6) . But this assumption may not be correct. Group II Euryarchaea are related to the Thermoplasmatales (Fig. 1 A) and share a number of properties in common with them. Furthermore, Thermoplasmatales membrane lipids are made up of up to 80% tetraether (17)-the same sorts of lipids now being ascribed to planktonic Crenarchaea. It seems quite possible, perhaps even likely, that planktonic group II Euryarchaea contain tetraether lipids very similar to those of group I Crenarchaea. Planktonic tetraether lipid signatures in the water column may well originate in part from planktonic Euryarchaea. If so, this complicates quantitative deconvolution of planktonic archaeal isotope signatures (see question mark in Fig. 1C ). Such considerations, if true, also cast some doubt on the fundamental validity of recently proposed paleo-oceanographic temperature proxies that rely on the quantitative distributions of these archaeal lipids (18) . It seems apparent that considerable work remains to more confidently interpret archaeal lipid signatures in the environment. The phylogenetic relationships and environmental distributions of marine Archaea reflect considerable diversity-this is probably also expressed in both the metabolic characteristics and ecological roles of these ubiquitous members of life's third domain. (15) . Group II Euryarchaea rRNA-containing genome fragments were more abundant in the upper water column. Question marks indicate the uncertain contribution of marine Euryarchaea to planktonic archaeal lipids.
